Introduction
Laryngeal cancer comprises about 3% of all human cancers. The disease occurs primarily in 40-60 year old males. Effective treatment of laryngeal cancer depends heavily on early detection.
However, initial tumor growth often occurs without being noticed, especially for endophytic nodules. This explains typical late referral for medical help that leads to more than 50% of patients having stage T3 and T4 primaries. The most common treatment for such patients is total laryngectomy, which inevitably leads to traumatic disability without ruling out tumor recurrence.
Ongoing progress in multimodality approaches to treat laryngeal cancer (Holsinger, 2008 ) have led to five-year survival rates above 90% for early detected T1-T2 stage tumors. However, five-year survival is <60% for patients with intermediate or advanced stage disease (Rudolph et al., 2011) , which highlights the need for improved therapy.
Integration of new treatment approaches such as organ preservation surgery (Sperry et al., 2013 , Wilkie et al., 2015 , Vasil'chenko et al., 2011 , HDR brachytherapy (Obinata et al., 2007) , and hyperthermia (Paulides et al., 2007a , Paulides et al., 2010 , Falk and Issels, 2001 ) have been proposed to improve quality of life in advanced head and neck cases by saving larynx function as well as increasing survival. Local tumor hyperthermia (temperatures of 40-45°C) is a promising adjuvant treatment method in cancer therapy, contributing to a significant improvement of therapeutic efficacy in sites where adequate heating is possible (Overgaard et al., 1996 , Sneed et al., 1998 , Valdagni and Amichetti, 1994 , Datta et al., 2016b , Datta et al., 2016a , Issels et al., 2010 ).
This technique is normally applied as an adjuvant to established cancer treatment modalities such as radiotherapy and chemotherapy Stauffer, 2014, Dewhirst et al., 2015) .
Depending on size and location in the body, there are many different technologies available for heating tumors. Local hyperthermia induced by microwave radiation is often used for treatment of tumors close to the skin surface, but penetration of effective heating is limited to about 3-4 cm.
Treatment of tumors deep in the neck with external microwave waveguide applicators has been reported, but significant heating of overlying tissues is unavoidable (Kouloulias et al., 2014 , Amichetti et al., 1993 . Penetration deeper in tissue using a phased array of microwave antennas has been proposed (Arcangeli et al., 1984 , Gross et al., 1990 ) and prototype arrays designed specifically for neck tumors are currently under development (Paulides et al., 2007b , Paulides et al., 2010 , Togni et al., 2013 . Radiofrequency phased-array systems are also available that can penetrate deep in the body, but the long wavelength generates a large heat focus (Canters et al., 2009 , Van Rhoon et al., 2003 , Fatehi and van Rhoon, 2008 . In either case, significant heating of critical normal tissues outside the tumor target is usually unavoidable. Alternatively, the use of ultrasound from external transducer arrays allows precise focusing into deep tissue targets (Al-Bataineh et al., 2011 , Chen et al., 2011 , Haar and Coussios, 2007 , Tempany et al., 2011 , but this approach is problematic for larynx due to the heterogeneous anatomy and proximity to air and bone regions, which reflect or absorb ultrasound preferentially. Thus, the complex anatomy and sensitivity of surrounding critical normal tissues severely restricts the application of external heating technology to small head and neck tumors.
Several interstitial implant techniques allow focused heating at depth, including interstitial radiofrequency electrodes, microwave antennas, ultrasound transducers, and several hot source techniques based on thermal conduction (Stauffer et al., 1995) . Most of these modalities require percutaneous insertion of an array of needles or catheters to insert heat sources, power connections, and temperature control sensors. For most head and neck tumors, maintaining an externalized array of percutaneous catheters following surgery is painful and undesirable for the patient. One hot source technique that overcomes these issues is the use of external magnetic fields to couple energy non-invasively into implanted ferromagnetic needles or spheres (ferroseeds). This minimally invasive approach has been investigated by numerous groups beginning almost 45 years ago , Burton et al., 1971 , Kobayashi et al., 1986 , Stauffer et al., 1984a , Mack et al., 1993 , Tucker et al., 2000 , Stauffer et al., 1984b . When these 1-2 mm diameter ferromagnetic materials are immersed in a sub-megahertz radiofrequency magnetic field, eddy currents are induced on the metal surface. As a result, the implants are heated by resistive losses from the induced currents, and tissue around the implants is heated by thermal conduction from the hot surface. Because of the rapid falloff of temperature away from small diameter heat sources, there are steep thermal gradients around the implants, especially in tissue with high blood perfusion. Tissue immediately adjacent to the heat sources is generally overheated, while tissue >5 mm from the implants may not be heated sufficiently (Chin and Stauffer, 1991) .
One of the proposed ways to improve local tumor control and survival rates for patients with locally advanced head and neck cancer is an original method of intraoperative HDR brachytherapy invented at the Regional Clinical Cancer Center (RCCC) in Kemerovo, Russia (Vasil'chenko et al., 2008 , Vasil'chenko et al., 2011 . This method combines laryngeal resection surgery with brachytherapy, where a patient-specific biocompatible implant mold is formed within the resection cavity, replacing tumor and providing precise computable locations for the HDR source. This paper reviews the results of a clinical study using this method for treatment of 48 patients with laryngeal cancer. With the goal of expanding this novel treatment to larger numbers of patients with more advanced disease, we assessed the feasibility of adding hyperthermia to further enhance clinical outcomes, by incorporating spherical ferroseeds into the same tumor bed implant and coupling heat into the seeds via an externally applied magnetic induction field . Ideal catheter configuration depends on size, shape and location of the tumor bed implant which is optimized in the OR based on experience of the surgeon and radiotherapist. An axially directed flexible catheter is least traumatic as it can be withdrawn after treatment through the tracheostoma.
Methods

Surgery and Brachytherapy
Additional semi-rigid catheters exiting through the surgical scar are added as needed to improve dose uniformity. Dosimetric planning is used to optimize the number and spacing of catheters and source locations. The active length of each implant catheter is customized to irradiate at-risk tissues around the resected tumor and minimize dose to surrounding organs-at-risk. The equivalence of radiation delivery through the silicone implant material is confirmed by dosimetric measurements.
The pre-formed implant is then reinserted into the resected tumor bed, and the wound is sutured closed around the percutaneous catheters (figure 2c). A single dose of 10 Gy minimum to the implant/tissue interface is delivered immediately after surgery (usually within one hour) by means of the GammaMed Plus TM brachytherapy apparatus, and then the catheters are removed from the implant. Following delivery of radiation, the implant is left in place mainly as an obturator to avoid negative post-operative and post-radiation reactions such as larynx stenosis. Fourteen days after surgery, the implant is removed from the lumen of the larynx through the mouth by pulling on the retraction string fastened to the implant. 
Hyperthermia feasibility
In order to enhance clinical responses in patients with more advanced head and neck cancers, we investigated the feasibility of adding local hyperthermia. For optimum compatibility with the brachytherapy implant approach, we choose the magnetic induction heating technique because it eliminates the need for power or thermal probe connections to the implant. In this method, ferromagnetic balls are embedded in the implant and heated inductively using an externally applied 100 kHz magnetic field (figure 4). The raw silicone implant material has a soft putty-like consistency prior to polymerization and once properly mixed, the ferromagnetic particles are distributed uniformly throughout the material. Since the implant solidifies quickly in situ or following a short heat exposure, no sedimentation or separation of the embedded ferromagnetic particles occurs even during subsequent heating. Thus, the ferromagnetic particles remain uniformly distributed throughout the implant mold and thereby produce uniform temperature of the implant surface, unlike needle or catheter based interstitial heating technologies that generate very hot and cold regions between heat sources.
For initial laboratory testing of this approach, we chose stainless steel balls of 1 mm diameter as ferromagnetic particles dispersed throughout a spherically shaped silicone mold with 2 cm diameter. This laboratory implant was inserted at the center of an air core induction coil with 10 turns, 5 cm diameter, and 8 cm axial length. With 20 W of power applied at 100 kHz, a magnetic field of 500 A/m was obtained in the region of the ferromagnetic seed filled polymeric mass.
Temperatures were measured at the implant center with Type E thermocouples (chromelconstantan) with 0.1 mm diameter wires aligned perpendicular to the field. RF shielding of the thermocouple wires was provided by thin grounded aluminum tubes, allowing essentially artifact free thermometry in the 500 A/m field. To estimate the heating characteristics of this method, we consider a simple model of a spherical implant mold with radius Ri = 1 cm, in which the conductive ferromagnetic spherical particles of radius Rs are uniformly distributed. For an implant in a magnetic field of amplitude Hm and frequency ω, heat is produced in each sphere due to induced eddy currents. Provided Rs<<Ri and sufficiently high density of conductive ferromagnetic particles, the steady state temperature distribution inside the implant (Ti) and in the tissue around the implant (Tt) are described by the heat equation and Pennes' equation (Pennes, 1948) , respectively:
where k is thermal conductivity; Q is the heat generated by the inductively coupled ferromagnetic spheres (in W/m 3 ) assumed to be homogenously distributed within the implant; ωb is blood perfusion rate of surrounding tissue (in kg/s/m 3 ); cb is specific heat capacity of blood (3617 J/kg/K);
Ta is arterial temperature (37°C); m is the heat generated in tissue due to metabolism (in W/m 3 ); and the indexes i and t correspond to the polymeric implant and tissue, respectively.
Equations (1) and (2) can be solved directly considering the following boundary conditions:
finite temperature at the implant center (∂Ti/∂r = 0 at r = 0); temperature and heat flux continuity at the implant/tissue interface Ri; Tt = T0 at a distance Rext sufficiently distant to be unaffected by the implant heat source (e.g. several centimeters), and body core temperature T0 = 37°C. The solution of equation (2) has been derived previously for these boundary conditions (Rodrigues et al., 2013) .
Applying this to the current problem, the analytical solution for temperature distribution inside the implant and in tissue around the implant may be estimated to first order considering no blood perfusion or metabolism. Using a spherical coordinate system, the solution yields:
To achieve therapeutic radiosensitization from moderate temperature hyperthermia, temperature in the at-risk tissue target should be in the range 40-45°C (Dewhirst et al., 2015) . This is achieved by imposing a temperature of 45°C at the interface between the implant and tissue, which will heat the surrounding tissue target by thermal conduction. Using equation (4) and the latter condition, i.e.
Ti(Ri) = 45°C, the heating power in Watts Pi = Qi •Vi (with Vi the implant volume) required from within the implant to heat the surrounding at-risk tissue is:
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where we use T0 = 37°С as core temperature.
The tumor bed tissue is not homogeneous however. The implant in neck is surrounded by heterogeneous tissue that includes low perfusion tissues such as fat and bone (ωb ~ 0.3 kg/s/m 3 ) and higher perfusion tissues such as muscle (ωb ~ 0.7 kg/s/m 3 ). In addition, heating the tumor bed >40°C will increase blood perfusion eight-fold or more, reaching over 6 kg/s/m 3 in heated muscle (Sekins et al., 1984 , Hasgall et al., January 13th, 2015 . In order to bracket the range of expected heating profiles, we determine the temperature for a range of blood perfusion scenarios: ωb = 0 kg/s/m 3 using equation (3); ωb = 0.7 kg/s/m 3 (basal perfusion); and ωb = 6 kg/s/m 3 (active perfusion) using the analytical solution derived by Rodrigues et al. (Rodrigues et al., 2013) . In addition, we determine the therapeutic penetration depth, defined by the distance into tumor bed where Tt ≥40°C.
The amplitude of the magnetic field (Hm) required to produce the required amount of heat from the implant is a function of the heat generated by eddy currents in each steel ball, defined here as Ps = QiVs/(in Watts) with Vs being the volume of each steel ball of radius Rs and  being the volume fraction of steel inside the implant mold of radius Ri. The magnetic field amplitude can then be determined (Stauffer et al., 1984b) :
where  is electrical conductivity,  is a magnetic permeability, 0= 410 -7 H/m,  = 2f and f is magnetic field frequency.
Results
Surgery and Brachytherapy
Treatment with this technique was well tolerated as previously reported. The nasogastric tube was removed within 2 days in all 48 patients. Proper laryngeal function was preserved entirely in 44 patients (91.7%). Four patients (8.3%) were not able to swallow liquid food. In terms of breathing, 47 patients (98%) were decannulated 2 to 6 months after completion of the laryngeal cancer Figure 5 shows the isodose distributions within the planning target volume generated by the ABACUS planning system, with shaded regions overlaid to indicate the extent of implant and tumor bed tissue target. Typically, brachytherapy was planned to achieve a minimum target dose of 10 Gy at the implant border. Figure 5 demonstrates symmetric distribution of active points inside the implant. If the target volume around the implant is non-symmetric, as it is for example in figure   1 , the surgeon will adjust position of the catheters appropriately and the radiotherapist will preplan the active points to ensure conformality of dose to the target region. Radiation preplanning is straightforward due to tissue-equivalence of the implant material for radiation. 
Hyperthermia feasibility
The feasibility of adding hyperthermia via the brachytherapy implant was assessed theoretically and experimentally. For a 2 cm diameter spherical implant (Ri = 1 cm) placed in a tumor bed with thermal conductivity similar to muscle (kt = 0.5 W/m/K) and surrounded by a 37C tissue boundary at Rext = 5cm, the power absorption within the implant required to heat the surrounding tumor bed may be calculated from equation (5) to be Pi = 0.6 W, before considering the cooling effects of blood perfusion. The thermal conductivity of the implant is estimated to be ki = 10.2 W/m/K for a volume fraction of metal spheres of  = 0.2, as determined from the volume-weighted average of silicone (0.2 W/m/K) and steel (50.2 W/m/K). Accounting for the heat lost due to blood perfusion, the required power from the implant increases to 0.9 W for basal perfusion (resting muscle) and 1.6 W for active perfusion (highly-perfused soft tissue at elevated temperature). Figure 6a presents the expected temperature distribution in and around a 2 cm diameter implant heated to a surface temperature of 45C, for a bracketing range of tissue perfusion expected in the human neck. The penetration of therapeutic heating (>40C) extends out from the implant surface into surrounding tumor bed 10 mm if no perfusion, 6.1 mm with basal perfusion rate, and 3.2 mm with the anticipated upper limit active perfusion rate. Figure 6b shows the implant surface temperatures required to obtain the minimum therapeutic temperature of 40C throughout a 5 mm rim of tumor bed tissue for the same three perfusion levels. Table 1 gives a summary of calculations regarding the required implant power absorption from the magnetic field, as well as the resultant heating of tumor bed tissue for a bracketing range of possible tissue perfusion levels. At temperatures exceeding 45-48C, we can expect tissue damage to reduce blood perfusion below the high perfusion level shown in red in figure 6 , which would decrease the implant surface temperature required to get 40C throughout a 5 mm rim of target tissue. Figure 7 shows the results of laboratory heating of a spherical implant of 2 cm diameter made of self-curing silicone impression mold material with 1 mm diameter steel balls added at the specified volume ratio (4%, 9% and 19%). The Curie temperature of steel is very high (~770C) so that thermoregulation at the desired target temperature does not occur with this ferromagnetic heat source. Instead, final temperature of the steel balls will depend on magnetic field strength which must be adjusted during treatment to maintain appropriate implant temperature. For a volume fraction of 19% ferromagnetic filler, it takes just over 2 minutes to increase the implant temperature by 10°C in a 500 A/m field. Higher or lower volume fractions will affect the heating rate as shown in figure 7 , or equivalent heating rates could be achieved by adjusting the magnetic field strength.
Since the thermal conductivity of silicone is a little less than half that of tissue and orders of magnitude lower than the steel, the 1 mm diameter balls should be located no more than 1-2 mm apart to minimize variation in implant temperature between balls. A volume fill ratio of 19% or more will produce rapid heating with little temperature variation across the implant.
Figure 7
Experimental results of applying 20 W to a laboratory 100 KHz magnetic induction heating system coupled to a 2 cm diameter implant filled with three different volume (mass) fractions of ferromagnetic steel balls distributed within the silicone base.
Discussion
The results of a 96 patient pilot study establish the clinical potential of a new multimodality treatment approach for laryngeal cancer. The treatment consists of combining partial larynx resection surgery with sequential HDR brachytherapy, which is delivered to the resection cavity from within a silicone gel implant that is formed intraoperatively to fit the tumor bed. All patients received preoperative external beam radiotherapy concurrently with systemic chemotherapy. In patients with tumor reduction from initial therapy, an HDR dose was delivered via afterloading catheters inserted into the tumor bed implant. As a consequence, this procedure allowed reduction in the resection volume and improved the likelihood of preserving organ function.
The excellent clinical results relate to patient selection as this study considers only the highly favorable patient group consisting of just 48 of the initial 96 patient group. Radiation Therapy Oncology Group (RTOG) 91-11 showed 5 year overall survival ranging from 53.8% to 58.1% for three different treatment protocols in patients with Stage III or IV glottic or supraglottic squamous cell cancers (Forastiere et al., 2013) . The study considered in this work reports a much higher clinical response rate, with 5 year relapse free survival of 95.8%. In the RTOG study, 5 year larynx preservation ranged from 65.8% to 83.6% for the three protocols, whereas the larynx was preserved in all but the two treatment failures (95.8%) in the current study. While there are limitations in extrapolating results between different study populations, the findings suggest this approach may benefit a wider range of patients when combined with hyperthermia.
On critical review, the results obtained with this novel technique should be considered a demonstration of feasibility rather than proof of efficacy of this approach. First of all, the trial was conducted on a specially selected group of patients including only T3 tumors with clinically and radiographically negative cervical lymph nodes, and only in those patients whose tumor decreased after initial external beam radiotherapy delivered concurrently with systemic chemotherapy. These selection criteria may explain the high 5-year survival rate, which is not easily compared to previously published studies of organ preservation techniques for laryngeal cancer. Nevertheless, initial success with this method supports the feasibility of a new organ preservation regimen, at least in cases with intermediate risk laryngeal cancer.
This new clinical procedure was conceived and the first clinical trial performed in Kemerovo, Russia. One of the advantages of this method stems from its potential to be readily combined with intraoperative contact hyperthermia for additional improvement in patient outcomes. This type of hyperthermia is akin to ferromagnetic thermoseed hyperthermia except its aim is not to heat a large tumor as in previous studies (Mack et al., 1993 , Stauffer et al., 1984a , Tucker et al., 2000 , but rather just a thin shell (~5 mm) of at-risk tissue surrounding a tumor resection cavity. Precise localization of treatment to just the tumor bed can be achieved using a custom fitting implant to deliver both brachytherapy and hyperthermia. In order to generate heat, we propose to distribute small 1 mm spherical ferromagnetic particles uniformly throughout the interior of a patient-customized silicone implant that fills the tumor resection cavity. This contrasts with the traditional use of ferromagnetic implant arrays which are highly invasive and require numerous closely spaced interstitial needles or catheters throughout an intact tumor volume (Chin and Stauffer, 1991 , Stauffer et al., 1984b , Stauffer et al., 1984a , Mack et al., 1993 , Tompkins et al., 1994 . That multiple needle implant procedure is time intensive for the surgeon and painful for the patient, and if the spacing is increased from 1.0 towards 1.5 cm for clinical practicality, the ability to achieve homogenous heating within the target volume becomes compromised (Chin and Stauffer, 1991) . The use of 1 mm ferromagnetic spheres packed close together within the implant allows uniform heating of tumor bed in contact with the essentially equi-temperature implant surface. This compares favorably with the extreme peaks and valleys of temperature found within a ferromagnetic seed implant array (Chin and Stauffer, 1991) .
For practical use of this thermobrachytherapy approach, the surgical and brachytherapy aspects can remain the same as the clinical trial described above (Vasil'chenko et al., 2011) , while adding a hyperthermia treatment immediately before or after the HDR brachytherapy. Target The effect of blood perfusion on temperature distribution was analyzed based on a wide range of muscle tissue properties (0-6.2 kg/s/m 3 ) that is representative of most soft tissues in the human body (Jain and Wardhartley, 1984, Waterman et al., 1987) . For the initially proposed 45C implant surface temperature, the therapeutic penetration depth was estimated to be between 3.2-10 mm (figure 6a), which should provide the desired thermal boost to at-risk tissues for all but the highest perfusion rate. To accommodate use of this approach in highly perfused tumor bed, implant temperatures were recalculated (figure 6b) to ensure penetration of the desired minimum therapeutic temperature of 40C out to at least 5 mm radial distance from the implant. In the case of high implant temperatures needed for high perfusion tissue, some overheating of 1-2 mm of target tissue immediately adjacent to the implant surface is likely. Slight overtreatment of at-risk tissue immediately adjacent to the implant is not an unexpected "toxicity" of brachytherapy implants. For sensitive tissue locations where this is a concern, the oncologist may limit temperatures to 45-46C at the implant surface even for high perfusion cases, assuming that tissue perfusion will be reduced during treatment. Moreover, adding hyperthermia to brachytherapy may allow some reduction of radiation dose, potentially limiting radiation-related side effects.
The thermal dose is quantified in terms of CEM43, which stands for cumulative equivalent minutes at 43°C. Considering the thermal dose delivered with the aforementioned approach, the maximum CEM43 dose in "normal tissue" at r = 5 mm from the implant is the same as the minimum CEM43 dose at the target periphery. The goal considered in figure 6 simulations is to cover the target with a minimum thermal dose of 40C for 60 min, which corresponds to a CEM43 of approximately 1 equivalent minute. Depending on the goal of the radiation oncologist, the maximum thermal dose to the target volume would be 45C for 60 min (figure 6a), which corresponds to a CEM43 of 240 equivalent minutes. However, if acceptable clinically, a much higher dose might be used adjacent to the implant surface to accommodate cases with very high blood perfusion. Regardless of perfusion level, the maximum CEM43 thermal dose expected in normal tissue at distances greater than 5 mm from the implant is about 1 equivalent minute.
Finally, we determined the required magnetic field to guarantee a minimum 40°C throughout the tumor bed target, yielding 163-414 A/m depending on heat removal from blood perfusion. As has been reported previously, this field is well tolerated clinically even in large patients, effectively coupling energy into implanted ferromagnetic seeds while minimizing undesired heating of normal tissues (Mack et al., 1993 , Stauffer et al., 1994 . In practice, the field strength should be determined for the worst case high perfusion scenario while using ferroseed materials that undergo their Curie point transition from magnetic to non-magnetic at the desired treatment temperature , Cetas et al., 1998 , Kobayashi et al., 1986 . Above this minimum threshold field strength, such ferroseeds will self-regulate temperature close to their inherent Curie point regardless of excess field, leading to more uniform tumor heating in a variable perfusion environment without the need to measure internal source temperatures or adjust power of the magnetic field. Moreover, the use of Curie point thermoregulating seeds maintains uniform temperatures within the implant even though the ferromagnetic balls are not in equal conditions, since the outer balls partially shield the inner ones such that they do not receive the same magnetic field.
According to our calculations, the estimated maximum required field strength of Hm < 413 A/m is about 50 times less than the intensity of the alternating magnetic fields required for magnetic fluid hyperthermia (Ivkov, 2013 , Petryk et al., 2013 . This simplifies the equipment for generating the magnetic field and effectively eliminates direct eddy current heating of normal neck tissues.
This ensures the treatment will be safe and well-tolerated clinically, even better than previously reported clinical trials of ferromagnetic implant hyperthermia (Stea et al., 1990 , Stea et al., 1994 , Tucker et al., 2000 , Mack et al., 1993 . Although practical tumor bed implants will have considerably more complex shape than the simple spherical implant studied in this work, the ability to heat up to 10 mm radially around a large implant and the low field required to heat the implant demonstrate the potential for this hyperthermia approach.
Conclusions
A new method for treatment of locally advanced head and neck tumors was applied to a preselected group of 48 male patients with stage T3N0M0 cancer of the larynx. The method involves organ-preserving surgery followed by high-dose-rate brachytherapy of the resection cavity wall delivered from within an intraoperatively formed custom silicone implant that fills the tumor bed.
The implant also maintains position of regularly spaced brachytherapy catheters for several hours to deliver a post-operative brachytherapy dose to the tumor bed. In a selected group of patients with disease responsive to initial external beam radiation delivered concurrently with systemic chemotherapy, the 5-year recurrence-free survival rate was 95.8%. Improvement in long term clinical outcome is anticipated in less favorable locally advanced head and neck cancers by adding local hyperthermia to the organ sparing surgery and brachytherapy. Experiments were conducted which confirm a theoretical analysis that demonstrates the feasibility of applying effective hyperthermia to at-risk tissues surrounding a resection cavity using inductive heating of ferromagnetic spheres dispersed uniformly within the polymeric matrix of a tumor bed implant, as a means to enhance brachytherapy response.
